press only the S-allele encoded by their own haploid through the stigma and style to the ovary where fertilization takes genome and are rejected on pistils that express this place. This occurs in self-fertile plants and in self-incompatible S-allele. In the genetically more complex sporophytic plants if no S-alleles are shared by the male and female partners of systems, pollen grains express both S-alleles of the dipthe cross, for instance, when pollen produced by a plant of genotype loid pollen-donor plant and are rejected by pistils ex-S1S2 arrives on the stigma of genotype S3S4.
pressing either S-allele. Thus, self-incompatibility not (B) Outcomes of pollinations between plants with one shared Sonly prevents plants from self-fertilizing but also from allele and either gametophytic (left) or sporophytic (right) self-incompatibility. In both cases, pollen produced by a plant with the genobeing fertilized by genetically related individuals. This type S1S2 arrives on a pistil of S1S3 genotype. In plants with game- reduces the level of inbreeding in self-incompatible poptophytic self-incompatibility, half the pollen express the S1-allele ulations compared to populations of self-compatible and are rejected by the S1S3 pistil, while the remainder express the plants. S2 -allele and are able to fertilize the ovules. In plants with sporo-
Self-Incompatibility in the Brassicaceae
phytic self-incompatibility, pollen from an S1S2 plant express both Self-incompatibility in the family Brassicaceae is sporothe S1-and S2-alleles and are rejected by the S1S3 pistil. Note that phytic and has mainly been studied in the species Brasself-pollinations in either system are fully incompatible and do not result in any fertilization.
sica oleracea and B. rapa (formerly B. campestris), and the wall of the stigmatic papillar cell. This process does duplication event that gave rise to the SRK and SLG genes occurred prior to the divergence of S-alleles, then not involve irreversible changes in pollen viability, as grains that fail to germinate on an incompatible stigma the similarity of SLG and SRK genes from the same S-allele must be maintained by some mechanism and will germinate normally if transferred to a compatible stigma (Dickinson and Elleman, 1994) . In fact, a single may be necessary for self-incompatibility. The pollen product of the S-locus is currently unknown pollen grain in simultaneous contact with both compatible and incompatible papillar cells will hydrate normally although most research suggests it is a component of the coating that surrounds the pollen grain. The pollen and extend a pollen tube into the wall of the compatible cell. Conversely, a single papillar cell can discriminate coat is primarily produced by a layer of cells lining the locule of the anther called the tapetum. These cells are between two pollen grains of different compatibility types in contact with it at the same time and allow only sporophytic and any self-incompatibility determinants they produce would reflect the S-genotype of the (dipthe compatible pollen grain to germinate (Dickinson, 1995) . The rejection of incompatible pollen is accompaloid) pollen donor. Application of a small amount of pollen coat isolated from incompatible (but not compatinied by localized changes in the structure of the papillar cell wall at the point of contact with the pollen grain ble) pollen to the stigma surface prevents compatible pollen from germinating (Dickinson and Elleman, 1994) . (Dickinson and Elleman, 1994) . These observations suggest that pollen rejection is mediated by events in the Doughty et al. (1993) detected several small basic peptides in the pollen coat that interact with SLGs, although stigmatic cell that physically isolate the pollen.
Two genes are known to segregate with the Brassica whether these peptides are required for self-incompatibility, and if so, whether they represent nonallelic ef-S-locus (Nasrallah and Nasrallah, 1993) . These genes are separated by roughly 300 kb of genomic DNA. One fector molecules, or pollen products of the S-locus, is not known. A role for SLGs and SRKs in determining gene encodes a protein with serine/threonine kinase activity predicted to consist of an extracellular domain the pollen phenotype cannot be entirely excluded as low levels oftranscripts ofthese genes are present in anthers, linked to a cytoplasmic kinase domain by a transmembrane helix. This structure resembles receptor kinases and SLGs appear to be expressed in the tapetum. SLGs and SRKs are members of a multigene family from animals and, because of this, the protein is known as the S-locus receptor kinase (SRK). The second gene in Brassica and related genes are present in self-compatible species such as Arabidopsis thaliana and Zea encodes a secreted glycoprotein called the S-locus glycoprotein (SLG). SLG sequences are very similar to the mays (corn) (Nasrallah and Nasrallah, 1993; Walker, 1994) . Like the SLGs and SRKs, some of these genes extracellular domain of the SRKs, and the SLG gene may be derived by a partial duplication of the SRK gene.
are specifically expressed in stigmas and may also have roles in pollen-pistil signalling, while others are exSRKs and SLGs are predominantly (and in the latter case, abundantly) expressed in the stigmatic papillar pressed in vegetative tissues. The functions of these genes are generally unknown, although a tomato protein cells, although there is some expression of both genes in the anther.
with similarity to the kinase domain of the SRK confers resistance to the bacterial pathogen Pseudomonas syrReduced expression of endogenous SLGs in transgenic plants with introduced SLG gene constructs and ingae (Martin et al., 1993) . This raises the interesting possibility that self-incompatibility in the Brassicaceae mutations in the SRK gene are both associated with loss of self-incompatibility (Toriyama et al., 1991; Goring arose by adapting a pre-existing mechanism that prevented pathogen invasion, to one that now prevents et al., 1993). Together, these results indicate that both SLGs and SRKs are required for self-incompatibility.
self-pollen from "invading." Self-Incompatibility in the Solanaceae However, because SLGs and SRKs are expressed in papillar cells, models for self-incompatibility in Brassica Self-incompatibility has been studied in several solanaceous species including petunia, potato, and wild relapostulate that the S-locus includes a third gene that encodes a pollen-borne ligand (Nasrallah and Nasrallah, tives of tobacco and tomato (Newbigin et al., 1993) . Selfincompatibility in the Solanaceae differs from that in 1993). In this theory, the SLG and SRK form a complex that binds the ligand in an allele-specific manner. This the Brassicaceae in its genetic control (gametophytic versus sporophytic) and in the physiology of pollen reactivates the intracellular kinase and initiates a signal transduction pathway that ultimately results in pollen jection. Both compatible and incompatible pollen grains hydrate and germinate rapidly on the stigma surface, rejection. It is not known if it is the SLG or the SRK that specifically interacts with the pollen ligand. Ferrari et al.
and pollen tubes enter the style by growing between the stigmatic papillar cells rather than penetrating their (1981) showed that pollen from a plant homozygous for the S2-allele would not germinate on compatible cell walls. Once in the style, growth of incompatible pollen tubes is slower than that of compatible tubes, stigmas if the pollen had previously been incubated with partially purified SLG2. However, pollen of other genoand may stop altogether. Incompatible pollen tubes are thus prevented from fertilizing because they fail to reach types treated in the same way was unaffected, suggesting that SLGs alone are sufficient to determine the ovary before the flower senesces. The only known gene of the S-locus in the Solanaceae specificity. These experiments have not been repeated and other data indicate that allelic specificity may be encodes an allelic series of stylar glycoproteins with ribonuclease activity known as S-RNases. S-RNases are determined by both the SLG and SRK gene products. The sequences of SLGs and SRKs from the same abundant in the extracellular matrix of the style in selfincompatible species, and related molecules are gener-S-allele are more similar to each other than to SLGs or SRKs from other S-alleles. If, as seems likely, the ally absent from the styles of self-compatible species.
S-RNase expression in styles is both necessary for self-S-RNases act as allele-specific cytotoxins and inhibit the growth of incompatible pollen tubes by degrading incompatibility, and sufficient to determine the style's self-incompatibility phenotype. For example, transfortheir rRNA, although mRNAs may also be a substrate. This would lead to the "general cessation of protein mation of Petunia inflata (genotype S2S3) with an antisense S3-RNase gene construct resulted in plants with synthesis" predicted by de Nettancourt et al. (1974) on the basis of differences in the ultrastructure of compatireduced levels of S3-RNase (but not S2-RNase). These plants did not reject S3-pollen but retained the ability ble and incompatible Lycopersicon pollen tubes.
How well does this model sit with our understanding of to reject S2-pollen (Lee et al., 1994) . Transgenic plants with reduced levels of both S2-and S3-RNase, presumrRNA metabolism in pollen tubes? It is generally thought that pollen tubes of flowering plants do not synthesize ably due to antisense suppression of the related S2-RNase gene, were also produced and these plants acrRNA, however Tupy et al. (1977) found N. tabacum pollen tubes did synthesize rRNA. Thus two interpretacepted both S2-and S3-pollen. In a complementary set of experiments, transformation of S1S2 P. inflata plants tions of the self-incompatibility model are possible. If pollen tubes do not synthesize rRNA, then degrading with a sense S3-RNase construct produced plants with the ability to reject S3-pollen (Lee et al., 1994) . Similar the fixed amount of rRNA stored in the pollen grain would be an effective means of inhibiting pollen tube results were reported by Murfett et al. (1994) , who used a Nicotiana alata ϫ N. langsdorfii hybrid to express the growth. However, if rRNA synthesis does occur in solanaceous pollen tubes, then the rate of degradation by SA2-RNase from N. alata. Transformed plants expressing the SA2-RNase rejected N. alata pollen bearing the S-RNases would have to exceed the rate of synthesis in incompatible tubes. This interpretation could accom-SA2-allele, but not pollen of other genotypes. These experiments show conclusively that S-RNases are the modate two other observations. First, pollen tubes whose growth has been inhibited in an incompatible sole determinant of self-incompatibility specificity in the styles of these plants.
style are able to 'recover' when transferred to a compatible style by grafting (Straub, 1947) . This could occur if The ribonuclease activity of S-RNases is believed to be essential for the expression of self-incompatibility.
the pollen tubes replace their degraded rRNA once they grow out of the incompatible style. Second, a high Petunia plants were transformed with an S3-RNase construct in which one of the histidine residues thought threshold of S-RNase is required for complete rejection of incompatible pollen which implies that a high rate of to be required for enzymatic activity was altered. The protein encoded by this gene accumulated to a high rRNA degradation is necessary. Lower than normal levels of S-RNase occur in immature styles and in some level in the styles of transformed plants, but lacked RNase activity, and these plants did not reject S3-pollen plants transformed with a 'sense' S-RNase construct (Lee et al., 1994; Murfett et al., 1994) . In both these cases (Huang et al., 1994) . Likewise, self-compatibility in an accession of the normally self-incompatible plant, Lycothe self-incompatibility barrier can be overcome and seed set obtained after otherwise incompatible pollinapersicon peruvianum, is caused by a nonfunctional allele of the S-locus. Plants carrying this allele produce a stylar tions. Further work is needed to understand the degree to which pollen-tube growth arrest depends on the relaglycoprotein that resembles S-RNases but lacks ribonuclease activity, apparently due to a change at an active rates of rRNA degradation and synthesis. How can we account for the selective inhibition of tive-site histidine residue (Royo et al., 1994) .
The importance of ribonuclease activity to self-incomincompatible but not compatible pollen tubes? Two possible mechanisms are shown in Figure 2 . The first model patibility leads to the question of the nature of the substrate. In vitro, S-RNases degrade any RNA and show proposes that S-RNases are generally excluded from the pollen tube, but that the S-locus product in pollen no specificity for nucleotide sequence. In vivo, the rRNA of incompatible but not compatible pollen tubes is derecognizes the corresponding S-RNase and allows it to enter the pollen tube. The second model proposes that graded during growth in N. alata styles (McClure et al., 1990) . These observations have led to a model of self-S-RNases enter the pollen tube nonspecifically, but once within the pollen tube, are either inactivated or incompatibility in solanaceous species in which stylar Figure 2 . Two Models for Events in the Inhibition of S1 Pollen in an S1S2 Style Model 1 (left) proposes that pollen rejection results from the specific uptake of the S1-RNase. S-RNases encoded by other alleles of the S-locus (S2-RNase in this case) do not enter the pollen tube. Model 2 (right) proposes that S-RNases enter pollen tubes nonspecifically but are inactivated in the cytoplasm. The product of the S1-allele in pollen prevents inactivation of the S1-RNase. In both cases the presence of active S1-RNase within the pollen tube causes growth inhibition by degrading rRNA. product of the S-locus in pollen would then either specifDodds, P.N., Bö nig, I., Du, H., Rö din, J., Anderson, M.A., Newbigin, ically prevent its corresponding S-RNase from being E., and Clarke, A.E. (1993 ). Plant Cell 5, 1771 -1782 inactivated, or allow the S-RNase access to rRNA. To Doughty, J., Hedderson, F., McCubbin, A., and Dickinson, H.G. date, no molecular evidence is available for either model, (1993) . Proc. Natl. Acad. Sci. USA 90, [467] [468] [469] [470] [471] both of which require allelic recognition between the Ferrari, T.E., Bruns, D., and Wallace, D.H. (1981) . Plant Physiol. 67, pollen S-product and the S-RNase. This would presum- 270-277. ably be mediated by features on the surface of each Golz, J.F., Clarke, A.E., and Newbigin, E. (1995) . Curr. Op. Genetics protein. Indeed, the regions of S-RNases that vary most and Dev. 5, [640] [641] [642] [643] [644] [645] in sequence between alleles are hydrophilic and hence, Goring, D.R., Glavin, T.L., Schafer, U., and Rothstein, S.J. (1993). likely to be on the surface of the protein. It is these Plant Cell 5, [531] [532] [533] [534] [535] [536] [537] [538] [539] regions that are believed to be involved in allelic interacHuang, S., Lee, H-S., Karunanandaa, B., and Kao, T-h. (1994) . Plant tions. Cell 6, 1021 Cell 6, -1028 What is the S-locus product in pollen? Ideas of the Lee, H-S., Huang, S., and Kao, T-h. (1994) . Nature 367, 560-563. structure of the S-locus predict that it encodes either a Martin, G.B., Brommonschenkel, S.H., Chunwongse, J., Frary, A., single gene expressed in pollen and pistil, or two genes,
